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Abstract In this paper numerical simulation of lubricating grease flow in a double restriction seal geometry 
using Computational Fluid Dynamics is presented. The grease is treated as a single-phase Herschel-Bulkley 
fluid; here three different rheolgical properties, corresponding to NLGI grade 00, 1 and 2 respectively, have 
been considered in two different configurations comprised by a double restriction seal with- and without ring. 
The numerical code and rheology model have been validated with analytical solutions and flow measurements 
using micro Particle Image Velocimetry. 
Keywords Lubricating grease flow; Velocity profiles; Rheology; Lubrication; Computational Fluid Dynamics 
(CFD); Double Restriction Seal; Contaminants. 
1 Introduction 
 
In many mechanical components like bearings, gears and seals, grease is used to lubricate the moving parts. 
Compared to oil, lubricating grease has many advantages as it due to its consistency adheres as well as coheres 
to the surfaces and thereby prevents corrosion and leaking. The quality of the lubrication is dependent on the 
grease motion in the actual application, and in order to design mechanical components such that an optimum 
lubrication is enabled an understanding of the grease flow dynamics is important. Modelling grease flow 
analytically is only possible in simple geometries like channels, pipes and cylinders; see e.g. Westerberg et al. 
[1] and Li et al. [2 - 3], for grease flow models in rectangular channels and concentric cylinder configuration, 
and Cheng et al. [4] and Sisko [5] for flow in a pipe. For more complex flows numerical models are needed. 
Computational Fluid Dynamics (CFD) has shown to be a powerful tool in numerous applications and flow 
scenarios over the years, and is a tool which has increased enormously in capacity with the increasing 
computational capacity. For grease flow however, studies where CFD is used is scarce in the literature. This is 
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strongly due to the complexity of the material by means of its multi-phase composition and non-Newtonian, 
shear thinning rheology. Also, in applications such as rolling element bearings the span in shear rate is extreme, 
stretching from 10-2– 106 s-1[6] making it a huge challenge capturing the full problem from the grease semi-
solid, visco-elastic characteristics at very low shear rates, to the flow properties at very high shear rates – which 
mainly is governed by the rheology of the base oil [6]. Further, CFD models where a fibre structure in the flow 
(for grease comprised by the thickener matrix) is continuously deforming, does not exist to the author’s 
knowledge. Hence, capturing the phase change in the grease is a challenge itself. 
 
Lubricant flow in journal bearing supply pocket using PIV technique had been performed by Kosasih et al. [7]. 
They demonstrated the use of PIV on difficult geometrical configuration and proposed a correction procedure 
when anendoscope is used. They also aimed to shed someknowledge about flow field in journal bearing supply 
pocket. But the flow field inside the journal bearing is missing. Being able to numerically model the full grease 
flow (i.e. a model covering the full range of shear rates) in a geometry such as a ball bearing would be very 
valuable in the design. A first approach to develop such models has been made by Sarkar et al. [8], where 
lubricating grease flow has been modelled in a straight channel with a rectangular cross section. In that study the 
grease is modelled as a single-phase Herschel-Bulkley fluid with values of the rheological parameters obtained 
from rheometer tests of Lithium greases with NLGI grade 00, 1 and 2. The study comprises investigation of the 
flow in an unrestricted- and restricted channel respectively, where the numerical model has been validated 
towards analytical models and data from flow visualizations using micro Particle Image Velocimetry (µPIV). 
Also, the motion of contaminant particles placed in the flow was investigated. In this study the numerical model 
is developed to cover the flow in a concentric cylinder configuration, resembling a Double Restriction Seal 
(DRS). Here the grease flow which was experimentally and analytically investigated/ modelled by Li et al. [3] 
and Baart et al. [9] is modelled numerically using Comsol Multiphysics. The approach is analogous to the work 
in Sarkar et al. [8] as the velocity profiles are validated against µPIV measurements and analytical models. The 
evolution of how particles inserted into the flow migrate in the flow is also modelled. As for the particle 
transport analysed in Sarkar et al. [8], the purpose of this investigation is of particular interest with respect to 
how contaminant particles which enter the actual geometry travel through the seal.  
 
2   Methods 
2.1   Governing equations, rheology model(s) and greases 
2 
 
As in Sarkar et al.[8] Comsol Multiphysics v5.2 (hereafter just referred to as ‘Comsol’ for simplicity) [10] has 
been used for the numerical modelling. In Comsol the apparent viscosity is a function of the built-in shear 
rate(denoted spf.sr), enabling any rheology model to be implemented. In present study the grease is described as 
a single-phase continuous fluid, with the Navier-Stokes equation and the continuity equation governing the 
flow. The temperature is not considered explicitly meaning the heat equation not is used in the modeling work; 
indirectly the temperature influence is included as the grease rheology parameters have been measured at room 
temperature.  
 
For a stationary flow the governing equations reads (as implemented in Comsol) 
 
𝜌𝜌(𝒖𝒖 ∙ ∇)𝒖𝒖 = ∇[−𝑝𝑝𝑝𝑝 + 𝜇𝜇(∇𝒖𝒖 + (∇ ∙ 𝒖𝒖)𝑇𝑇)] + 𝑭𝑭          (1) 
 
∇ ∙ 𝒖𝒖 = 0,              (2) 
 
Where u is the velocity vector, ρ the density, µthe dynamic viscosity (which is a function of the shear rate and 
where the shear rate/viscosity relation is governed by the actual rheology model), I the identity tensor, and p the 
pressure. F is a volume force – which typically is gravity; in general it can be any volume force such as 
centrifugal forces or electromagnetic forces. Continuity yields that the divergence term in Eq. (1) vanishes 
reducing the N-S equation to  
 
𝜌𝜌𝒖𝒖 ∙ ∇𝒖𝒖 = −∇𝑝𝑝 + ∇ ∙ 𝜇𝜇(∇𝒖𝒖).         (3) 
 
Themodified Herschel-Bulkley rheology model [11] is considered. It reads 
 
( ) 1.0 1 −− +−= nm Ke γ
γ
τ
m γ 


         (4) 
 
Where, τ0 is the yield stress, γ  the shear rate, K the grease consistency, nthe shear thinning (or thickening) 
index, and m a model constant. The term in brackets including the exponential function with the model constant 
enables to numerically capture the transition from stationary (non-yielded) to moving (yielded) grease. i.e. to 
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introduce a smooth transition from non-yielded, to yielded grease, which in the original form of the H-B model 
takes place at a singular value for the shear stress. As engineering model this works well, as well as for 
analytical modelling, but physically this condition yields a discontinuity in the limit of the onset of moving 
grease. Comsol has the Carreau- and Cross rheology models implemented; these are generally better alternatives 
in the limit of very low-, or very highshear rates as the zero- and infinite shear rate grease viscosity are included 
in the models. The Carreau model is defined as  
( )[ ] 2
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         (5) 
where, ∞η  is the viscosity plateau at high shear rates, 0η the viscosity plateau at low shear rates, γ  the shear 
rate, K the grease consistency, n the Power law exponent. Considering the viscosity plateau at high shear rates, 
∞η  as zero, Eq. (5) reads 
( ) nd K −+
= 1
0
.1 γ
ηη

,          (6) 
Which defines the Cross rheology model. The Herschel-Bulkley rheology model works well between the low- 
and high shear rate plateaus in a viscosity/shear rate plot [6], and also works well in analytical modelling due to 
its fairly simple relation between viscosity and shear rate. As the numerical models presented in this paper are to 
be validated against flow measurements and analytical models the H-B rheology model has been considered. 
Rheological data for the greases used in Li et al. [3],is presented in Table 1. The same data is used for the three 
single-phase materials used in the present study.  
 
Table 1 Rheological parameters for the grease based on the Herschel-Bulkley rheological model (Li et al. [3]), 
τ0 is the yield stress, K the grease consistency, n the shear thinning (or thickening) index, ρg is the density of the 
greases 
Grease 
0τ [Pa] K[Pa.s] n ρg[kg/m
3] 
NLGI 00 0 1.85 1 890 
NLGI 1 189 4.1 0.797 910 
NLGI 2 650 20.6 0.605 930 
 
NLGI 00, NLGI 1 and NLGI 2 are lithium thickened based on mineral base oil. The shear rate flow curves used 
for NLGI 00, NLGI 1 and NLGI 2 greases are shown in Fig. 1.  
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Fig. 1 Dynamic viscosity vs shear rate flow curves (a) NLGI 00, (b) NLGI 1 and (c) NLGI 2 greases used in 
numerical modelling 
 
2.2   The Double Restriction Seal (DRS) geometry  
In the DRS a grease pocket is formed between a rotating shaft and a stationary housing. Figure 2-3 show the two 
versions of the DRS considered in this paper; one without ring (Fig. 2) where the full pocket volume is used, 
and one with ring which shortens the distance between the rotating shaft and stationary housing enabling a 1D 
flow in the pocket [3]. 
 
2.2.1   DRS without ring (2D flow) 
The geometry without ring is the same as in Baart et al. [9] where flow measurements using µPIV technique in 
the grease pocket without ring are presented together with an empirical modelof the flow.  For the grease pocket 
without ring the width is almost equal to the height. This means that the side walls have a significant influence 
on the grease velocity profile as shown by Baart et al. [9]; i.e. the flow is dependent on both the r and x 
coordinate (2D flow).  In present study the full dimensions of the grease pocket is numerically modelled, 
(a) (b) 
(c) 
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comparing the velocity profiles with the model developed by Baart et al. [9] and their measured velocity 
profiles. 
 
Fig. 2 Schematic drawing of double restriction seal geometry without ring 
 
In addition to comparing the influence of the side walls in the measured and analytical model the numerical 
model enable to investigate the velocity profile at different locations. In the work in Baart et al. [9] the 
measurements are performed at a distance of 0.2 mm from the transparent window wall. The velocity profiles 
from the numerical model at a number of different planes in the geometry have been compared to the measured 
velocity profile from the µPIV measurements. The double restriction seal with corresponding planes (F2, F3, F4 
and mid plane) are shown in Fig.2. In this study physics controlled mesh with extra fine mesh size has been used 
to discretize the fluid domain. The total number of elements is 18718 considering 17374 triangular elements and 
1344 quadrilateral elements. There are 676 edge elements and 8 vertex elements. A steady 2D axisymmetric 
(see Fig. 3), single phase laminar flow module is used with a PARIDOS scheme to solve the systems of 
equations. A rotating wall boundary condition is applied at the shaft surface (blue colour line in Fig. 3a) 
corresponding to the velocity of the rotating shaft riωi, where ri is the radius of the rotating shaft (= 20 mm; see 
Fig. 2), and ω is the angular velocity which in the present study is in the range of 1 – 3.75 rad/s. Here no slip is 
assumed as a boundary condition at the wall representing the stationary housing (blue line in Fig. 3b), top 
boundaries representing the glass window (blue line in Fig. 3c) and two restrictions seal (blue line in Fig. 3d). 
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Fig. 3 Axisymmetric 2D geometry of the DRS (a) Rotating wall, (b) Housing wall, (c) Transparent glass wall 
and (d) Seal restriction, indicated by blue colour lines. 
 
2.2.2   Double restriction seal with ring 
For validation in a geometry where the influence of end walls can be neglected the double restriction seal with 
ring is used. In this case the characteristic length scale in the radial (z) direction is much smaller than in the axial 
direction, meaning the derivatives in the z-direction are much larger than in the x-direction. This yields that the 
flow can be described as solely dependent on the z-coordinate. As for the previous case without ring, numerical 
simulations enable comparison with measured velocity profiles at different locations in the geometry. The flow 
measurements in DRS with ring are presented in the work by Li et al. [3].  
(a) (b) 
(d) (c) 
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 Fig. 4 Schematic drawing of Double Restriction Seal geometry with Ring (Drawing is not to scale) 
Figure 4 shows the DRS with ring geometry used in Li et al. [3]. The dimensions are identical to the previous 
case apart from the grease pocket into which a ring with thickness 1.1 mm has been inserted to enable different 
gap heights and thus different types of velocity profiles (1D/2D flow). In Li et al. [3] an analytical model of the 
flow has been developed; there a 1D flow in a concentric cylindrical geometry is assumed. In present study the 
results from numerically modelling the 1D assumption of the grease flow has been validated with the analytical 
model and the measured velocity profiles of Li et al. [3]. Of specific interest of this numerical study to examine 
whether it is justified to assume a 1D flow at the focal plane F2 or other planes i.e. F3, F4 as shown in Fig. 4. 
Also, in the flow measurements the actual location where the velocity profiles are measured is not known. 
Through the simulations we aim at giving supporting results to where the plane of measurement is.  
 
3   Results and Discussion 
 
In Baart et al. [9] it was found that for the case without ring the side wall significantly influence the velocity 
profile; here an apparent unyielded area is clearly visible. As per their findings, the unyielded area decreases 
with increasing shaft speed and is smaller for greases with less shear thinning property. Below this is 
investigated further. 
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3.1   Double restriction seal without ring  
 
3.1.1   Validation of numerical grease flow model with velocity profile by Baart et al. [9] 
In order to investigate the impact of the end walls along the x-axis in Fig. 2 the exponential velocity flow from 
Baart et al. [9] is first considered. Baart et al. [9] developed an analytical model for the grease flow in the wide 
grease pocket without ring, where the expression for the velocity as function of the r-coordinate reads 










−
−
= −
o
i
i
o
o
o
rr
s
r
r
r
r
r
r
r
r
eUru i )()( α          (7) 
Here Us is the shaft speed, ro the outer radius (= 0.0215 m), ri the inner radius (= 0.02 m), and α a constant for 
each grease with the unit m-1 (= -3000, -2000 and -1000 for the NLGI 2, 1 and 00 greases respectively).  
The developed analytical expression of the velocity profile is fundamentally an exact solution of the flow. This 
yields that with the same rheology model used in the analysis and in the numerical modelling, the analytical 
model represents the truth which upon the numerical model is validated against. The rheology data presented in 
Tab. 1 have been considered. The shaft speed in the analytical model is the same as in the experimental work by 
Baart et al. (9). The shaft speeds span from 0.030 m/s to 0.095 m/s,from 0.020 m/s to 0.095 m/s and from 0.020 
m/s to 0.075 m/s for the NLGI 00, NLGI 1 and NLGI 2 greases respectively. The pressure difference in the 
grease pocket is the same as in experimental work in Baart et al. (9), i.e. 0.1 MPa was applied in the DRS to 
drive the grease flow in the axial x-direction. However, the volumetric flow rate is 1.66 × 10−9m3/s which is 
small compared to the velocity in the angular direction induced by the rotating shaft and it is therefore neglected 
in the present study. Figure 5 shows the convergence plot of error with iterations. It confirms that level of mesh 
refinement is sufficient to get the convergence plot. 
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 Fig. 5 Convergence plot of relative error with number of iterations 
The velocity surface plot for the 2D flow is shown in Fig. 6. The driving shaft speed is 0.095 m/s for all three 
greases. The evolution of the grease flow towards the housing wall with decreasing grease consistency is clearly 
shown. Considering the grease shear thinning property, this evolution is analogous for a given grease with 
increasing shear rates. Baart et al. [9] showed this in the flow measurements for increasing rotating speed of 
shaft and in the analytical model for the exponential grease flow where the velocity curves of the grease showed 
significant nonlinearity due to shear thinning effects.  
Figure 7 shows a comparison between the analytical and numerical velocity profiles at F2 plane across the 
channel for the three greases. The solid line represents the analytical model while the dashed line is the velocity 
profile from the numerical model. As shown in Fig. 7 there is a difference between the analytical- and numerical 
velocity profiles at the F2 plane. Figure 7a shows the velocity profiles of the NLGI 00 grease at the different 
planes in Fig. 2. The numerical results are compared to the corresponding analytical velocity profile. It follows 
that the end walls of the grease pocket definitely affect the velocity profile. The effect is similar for the NLGI 1 
and NLGI 2 greases. The difference between the planes F2 through F4 is however not especially large for the 
NLGI 00 grease; the trend is that the velocity decrease when going from the F4 plane towards the F2 plane. The 
velocity profile at mid plane is beyond the analytical solution.  This is also in line with the surface plots in Fig. 6 
and the boundary conditions. It can be concluded that the velocity profile from plane F4 match best with the 
analytical solution. The numerical model captures the yield behaviour of the grease well as shown by the 
evolution of the exponential velocity profile when the NLGI grade increases. From these results it is concluded 
that the numerical model works well for the grease flow case. 
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Fig. 6 Surface plot velocity of the three greases (a) NLGI 00, (b) NLGI 1, and (c) NLGI 2 at the pocket of DRS 
without ring. The colour bar shows the velocity magnitudewhen shaft speed is 0.095 m/s. 
3.1.2   Validation of numerical grease flow model with flow measurements 
Having validated the numerical model for the exponential flow, the numerical flow is compared with flow 
measurements. The impact of the end walls on the flow is investigated; the numerical model also enables to 
locate the position of the focal plane where the analytical flow results show a good agreement. Figure 8 shows 
velocity profiles from the numerical model and µPIV measurements for the three greases.  It is clear that there is 
a good agreement between the numerical profile at the F4 plane and the measured velocity profile, whereas 
there is a larger deviation between the numerical and experimental profiles at the location of the F2 plane and 
mid plane. The reason for this deviation is likely due to the no-slip boundary condition applied for the end walls 
in the numerical model. These boundary conditions are too strict because slip effects close to the wall will cause 
a faster increase in the velocity in the axial direction [1]. As a consequence, the velocity from the numerical 
(c) 
(a) (b) 
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model is lower at the location of the focal plane F2. This effect is present for all three greases at both the higher 
and lower shaft speeds. 
 
 
Fig. 7   Velocity profiles of (a) NLGI 00, (b) NLGI 1 and (c) NLGI 2 grease from analytical and numerical 
solutions. Black/ grey represents shaft speeds of 0.030 m/s and 0.095 m/s (NLGI 00), 0.020 m/s and 0.095 m/s 
(NLGI 1), 0.020 m/s and 0.075 m/s (NLGI 2). Solid: using analytical result, Dashed: Numerical result. Velocity 
profile at the F2 plane (see Fig. 2); Dash-dotted: Same as previous but at theF3 plane; Dotted: The F4 plane; 
Dash-double dotted: Mid plane. 
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3.2   Double restriction seal with ring 
3.2.1   Validation of numerical grease flow model for the ideal 1D flow case 
In order to investigate the impact of the end walls along the x-axis in Fig. 4 the ideal 1D flow is considered. Li 
et al. [3] developed an analytical model for a 1D flow where the expression for the velocity as a function of the 
r-coordinate reads    
∫ +
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
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Here r2 is the outer radius (= 0.0204 m), r1 the inner radius (= 0.02 m), τ0 and K the grease yield stress and 
consistency respectively (see Tab. 1). u1 and u2 are the speed of rotating shaft and stationary ring respectively. 
The shaft speed in the analytical model is the same as in the experimental work in Li et al. [3]. The shaft speeds 
span from 0.025 m/s to 0.065 m/s, from 0.020 m/s to 0.050 m/s and from 0.020 m/s to 0.050 m/s for the NLGI 
00, NLGI 1 and NLGI 2 greases respectively. The pressure difference in the grease pocket is the same as in 
experimental work in Li et al. [3], i.e. 0.1 MPa was applied in the DRS to drive grease flow in the axial x-
direction. As mentioned earlier for DRS without ring, the order of magnitude of this velocity is small compared 
to the velocity in the angular direction induced by the rotating shaft and it is therefore neglected in the present 
study. The velocity surface plot for the 1D flow is shown in Fig. 9. The driving shaft speed is 0.095 m/s for the 
NLGI 00, NLGI 1 and NLGI 2 greases. As shown earlier for DRS without ring, same observation is made for 
DRS with ring, that is, the evolution of the grease flow towards the housing wall with decreasing grease 
consistency is clearly shown. Considering the grease shear thinning property, this evolution is analogous for a 
given grease with increasing shear rates. Li et al. [3] showed this in the flow measurements for increasing 
rotating speed of shaft and in the analytical model for the ideal 1D grease flow. 
13 
 
  
Fig. 8   Velocity profiles of (a) NLGI 00, (b) NLGI 1 and (c) NLGI 2 grease from µPIV measurements and 
numerical solutions. Black/ grey represents shaft speeds of 0.030 m/s and 0.095 m/s (NLGI 00), 0.020 m/s and 
0.095 m/s (NLGI 1), 0.020 m/s and 0.075 m/s (NLGI 2). Solid: using µPIV measurements, Dashed: Numerical 
result. Velocity profile at the F2 plane (see Fig. 2); Dash-dotted: Same as previous but at the F3 plane; Dotted: 
The F4 plane; Dash-double dotted: Mid plane. 
Figure 10 shows a comparison between the analytical and numerical velocity profiles at the F2 plane in the 
grease pocket with ring for the three greases. The solid line represents the analytical model while the dashed line 
is the velocity profile from the numerical model. As shown in Fig. 10 there is a difference between the 
analytical- and numerical velocity profiles at F2 plane. Figure 8a shows the velocity profiles of the NLGI 00 
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grease at the different planes as shown in Fig. 4. The numerical results are compared to the corresponding 
analytical velocity profile. It follows that the end walls of the grease pocket definitely affect the velocity profile. 
The effect is similar for the NLGI 1 and NLGI 2 greases. The difference between the planes F2 through mid-
plane is however not especially large for the NLGI 00 grease; the trend is that the velocity decrease when going 
from the mid-plane towards the F2. This is also in line with the surface plots in Fig. 9 and the boundary 
conditions. It can be concluded that the velocity profile from mid-plane match best with the analytical velocity 
profile. 
         
 
Fig. 9 Surface plot velocity of the three greases (a) NLGI 00, (b) NLGI 1, and (c) NLGI 2 at the pocket of DRS 
with ring. The colour bar shows the velocity magnitudewhen shaft speed is 0.095 m/s. 
 
 
 
(a) (b) 
(c) 
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3.2.2   Validation of numerical grease flow model with µPIV measurements 
To verify the findings from analytical and numerical flow comparison, the flow measurements by Li et al. [3] is 
added to the numerical solutions. The impact of the end walls on the flow is investigated; the numerical model 
also enables to locate the position of the focal plane where the analytical flow results show a good agreement.  
      
 
Fig. 10   Velocity profiles of (a) NLGI 00, (b) NLGI 1 and (c) NLGI 2 grease from analytical and numerical 
solutions. Black/ grey represents shaft speeds of 0.025 m/s and 0.065 m/s (NLGI 00), 0.020 m/s and 0.050 m/s 
(NLGI 1), 0.020 m/s and 0.050 m/s (NLGI 2). Solid: using analytical result, Dashed: Numerical result. Velocity 
profile at the F2 plane (see Fig. 2); Dash-dotted: Same as previous but at theF3 plane; Dotted: The F4 plane; 
Dash-double dotted: Mid plane. 
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Figure 11 shows velocity profiles from the numerical model and µPIV measurements for the three greases. 
Comparing the numerical profile at the location of the F2 plane with the measured velocity profile, the same 
observation is made as for the DRS without ring presented above - that is, the numerical velocity profile at the 
F4 plane match well with the measured velocity profile. The reason for the deviation between the numerical 
velocity profile at the location of focal plane F2 and measured velocity profile is the same as for the DRS 
without ring. This is an effect ofthe applied no slip boundary conditions in a flow where slip effects close to the 
boundary wall are present. The observed deviation of the experimental velocity profile from the numerical 
velocity profile, an effect which is accentuated for the higher shaft speed case, is likely due to shear banding in 
the flow caused by a local variation of the grease rheology. 
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Fig. 11 Velocity profiles of (a) NLGI 00, (b) NLGI 1 and (c) NLGI 2 grease from µPIV measurements and 
numerical solutions. Black/ grey represents shaft speeds of 0.025 m/s and 0.065 m/s (NLGI 00), 0.020 m/s and 
0.050 m/s (NLGI 1), 0.020 m/s and 0.050 m/s (NLGI 2). Solid: using µPIV measurements, Dashed: Numerical 
result. Velocity profile at the F2 plane (see Fig. 2); Dash-dotted: Same as previous but at the F3 plane; Dotted: 
The F4 plane; Dash-double dotted: Mid plane. 
Velocity profile of grease flow in axial DRS and axial DRS with ring at higher speed e.g. 1 m/s, 1.5 m/s and 2 
m/s have been drawn in Figs. 12 and 13. They show with increasing shaft speed, the grease flow velocity 
increases.  NLGI 2 grease is more parabolic as compared to other greases. In the axial DRS and axial DRS with 
Ring, the volumetric flow rate is 0.1 ml/min i.e. 1.66 × 10−9m3/s which is applied at one seal (i.e. top seal, 
Fig. 3(d)).  
         
 
Fig. 12 Velocity profiles for axial DRS at higher shaft speed (a)1 m/s, (b) 1.5 m/s and (c) 2 m/s. Solid: NLGI 00 
grease, Dashed: NLGI 1 grease; Dotted: NLGI 2 grease. 
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To observe effect of higher leakage flow, outlet flow at another seal (i.e. bottom seal, Fig. 3 (d)) are considered 
as 0 ml/min, 0.1 ml/min and 99.60 ml/min. Fig. 14 shows the velocity profile at different outlet flow. It is clear 
that the higher leakage flow does not affect the velocity profile. 
 
     
 
Fig. 13 Velocity profiles for axial DRS with Ring at higher shaft speed (a) 1 m/s, (b) 1.5 m/s and (c) 2 m/s. 
Solid: NLGI 00 grease, Dashed: NLGI 1 grease; Dotted: NLGI 2 grease. 
In order to observe the effect of wall slip, the slip velocities found in the experimental work in Westerberg et al. 
(1) are 0.0073 m/s, 0.0021 m/s and 0.0032 m/s for NLGI 00 grease, NLGI 1 and NLGI 2 greases respectively 
are applied in the stationary housing wall of the grease chamber. Figs. 15 to 18 show the velocity profiles for 
different greases at higher (1 m/s) and lower (0.02 m/s) shaft speed considering wall slip velocity. 
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 Fig. 14 Velocity profiles at shaft speed 1 m/s (a) for axial DRS, (b) for axial DRS with Ring using NLGI 2 
grease. Dotted: with zero leakage flow rate, □: 0.1 ml/min, Δ: 99.60 ml/min leakage flow rate. 
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Fig. 15 Velocity profiles for axial DRS at shaft speed 1 m/s (a) NLGI 00, (b) NLGI 1 and (c) NLGI 2. Solid: 
with wall slip, □: without wall slip. 
Wall slip effect is clearer at low shaft speed (0.02 m/s), where there is a shift of velocity at the housing wall for 
axial DRS (Fig. 16) and at the ring wall for axial DRS with Ring (Fig. 18). Shear banding is a zone where there 
is a transition from low shear flow to high shear flow. This shear banding phenomena is observed in axial DRS 
at both high shaft speed (Fig. 15) and low shaft speed (Fig. 17). It is not observed at axial DRS with ring due to 
1D flow of grease. 
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 Fig. 16 Velocity profiles for axial DRS (a) NLGI 00 at shaft speed 0.030 m/s, (b) NLGI 1and (c) NLGI 2 at 
shaft speed 0.020 m/s. Solid: with wall slip, □: without wall slip. 
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 Fig. 17 Velocity profiles for axial DRS with Ring at shaft speed 1 m/s (a) NLGI 00, (b) NLGI 1 and (c) NLGI 
2; Solid: with wall slip, □: without wall slip. 
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 Fig. 18 Velocity profiles for axial DRS with Ring (a) NLGI 00 at shaft speed 0.025 m/s, (b) NLGI 1 and (c) 
NLGI 2 at shaft speed 0.020 m/s. Solid: with wall slip, □: without wall slip. 
 
An attempt has been made to simulate the velocity profiles at different temperatures. The rheological parameters 
for NLGI 2 grease at different temperatures used in the numerical study are presented in Tab 2.    
Table 2 Rheological parameters for NLGI 2 grease at different temperatures based on the Herschel-Bulkley 
rheological model [13] 
Temperature 
[°C] 0
τ [Pa] K [Pa.s] n [-] 
25 500 8 0.70 
50 280 14.5 0.56 
70 180 26 0.43 
 
Figure 19 shows the comparison between the numerical and measured velocity profile at 25° C, 50° C and 70° C 
temperatures. With increase in temperature, the yield stress of the grease will decrease; therefore there is an 
increase in grease flow velocity profile.  Figure 20 shows the time dependent study of NLGI 2 grease for axial 
DRS geometry. At time t = 0 s, there is no grease flow in the grease chamber. When time increases to t = 0.1 s, 
small development of velocity has been observed. Finally, at time t = 0.2 s to 1 s, the velocity is fully developed. 
There is no change in the surface velocity plot after time t = 0.2 s.    
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 Fig. 19 Comparison of measured and numerical velocity profiles for NLGI 2 grease at different temperatures; ◊ 
: 25° C, ∆ : 50° C, O : 75° C using numerical and solid: 25° C, dotted: 50° C, dashed: 75° C using mPIV.      
  
   
Fig. 20 Surface plot velocity of NLGI 2 grease at (a) 0 s, (b) 0.1 s, (c) 0.2 s and (d) 1 s at the pocket of DRS 
without ring; The colour bar shows the velocity magnitude when shaft speed is 0.095 m/s. 
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3.3   Contaminant Migration 
Considering the of sealing function in a double restriction seal geometry it was suggested that the solid 
contaminant particles passed through the first sealing restriction, then get stuck in the grease pocket and 
therefore reduce the probability of particles passing through the second restriction [9]. Baart et al. [9] derived a 
mathematical model for contaminant migration and illustrated that the solid contaminant particles having a 
larger density than the grease consequently migrate to large radius in the pocket due to centrifugal forces. In 
order to investigate contaminant migration through the double restriction seal geometry, a multi-phase flow has 
been analyzed using a mixture-model laminar flow in this paper.  This is done by applying a slip model as 
homogeneous flow and activating the swirl flow option in Comsol v5.2. Density (ρcp), radius (a) and volume 
fraction of the dispersed phase i.e. the solid contaminant particles are 2100 kg/m3,7 µm and 0.001 respectively 
[9]. Gravity has been applied in the grease domain. The volume force in the angular direction applied in the 
grease chamber as a function of thecentrifugal forces per unit volume of the grease chamber, reads 
 
( )
( ) wrrr
Ua
F
io
sgcp
vol ×−××
×−××
= 22
23
3
4 rr
.        (9) 
 
Here w is width of the grease pocket, i.e. 2 mm. The mixture of grease and contaminant particles has been 
applied with a constant flow rate of 0.1 ml/min as the arrows indicate in Figs. 2 and 4.  
Figure 21 shows the contaminant concentration in the axial DRS geometry for the NLGI 2 grease at t = 0 s, t = 
100 s, t = 1 hour, t = 10 hours and t = 100 hours. The contaminant enter through the top seal restriction at t = 0 s, 
then approaches towards the grease chamber. The migration of the contaminants toward the outer wall is 
apparent as time elapses. As a result of the shear induced migration and gravity, the solid phase volume fraction 
approaches the value for maximum packing close to the right outer wall. The contaminant migration for three 
greases is shown in Fig. 22. It indicates that the particle migrates fastest in the lowest consistency grease. In the 
high-consistency NLGI2 grease, which has the highest viscosity at low shear rates, the particle velocity has its 
minimum. 
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Fig. 21   Contaminant volume fractions for axial DRS using NLGI 2 grease at different time intervals (a) 0 s, (b) 
100 s, (c) 1 hour, (d) 10 hour, and (e) 100 hourwhen Us = 1 m/s. 
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Fig. 22 Mixture-velocity streamlines and solid phase volume fraction at 100 hour for axial DRS using three 
greases (a) NLGI 00, (b) NLGI 1, and (c) NLGI 2when Us = 1 m/s. 
In Fig. 23 the contaminant concentration in the axial DRS with ring for the NLGI 2 grease at t = 0 s, t = 100 s, t 
= 1 hour, t = 10 hours and t = 100 hours are presented. It shows that particles migrate fast (t = 1 hour) for axial 
DRS with ring (Fig. 23c) compared to axial DRS (t = 100 hours, Fig. 21c). For the axial DRS with ring, the 
radial migration of the particle in the different greases is almost equal (Fig. 24) due to very small differences in 
the grease surface velocity (Fig. 9). 
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Fig. 23 Contaminant volume fractions for axial DRS with ring using NLGI 2 grease at different time intervals 
(a) 0 s, (b) 100 s, (c) 1 hour, (d) 10 hours, and (e) 100 hourswhen Us = 1 m/s. 
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Fig. 24 Mixture-velocity streamlines and solid phase volume fraction at 100 hour for axial DRS with ring using 
three greases (a) NLGI 00, (b) NLGI 1, and (c) NLGI 2 when Us = 1 m/s. 
As for example ferrofluid seal has been used as a vacuum rotary seal where an axially polarized ring magnet is 
the source of magnetic flux. The ring magnet is focused into the air gap by a set of pole pieces attached to each 
face of the magnet. A magnetically permeable shaft supported by two precision bearings completes the magnetic 
circuit. A series of stages formed either on the shaft or pole pieces create alternate regions of intense and weak 
magnetic fields. When the seal is charged with a ferrofluid distinct liquid O-rings are formed occupying the gaps 
under the stages of intervening of air annular spaces. Depending upon the mechanical design and ferrofluid 
properties each ring can hold a practical pressure differential of 15-50 kPa without burst (12). 
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4 Summary and Conclusions 
This paper presents a numerical modelling using Computational Fluid Dynamics to analyse the flow motion of 
lubricating greases in double restrictions seal with and without ring and compared the grease flow with 
analytical modelling, flow measurements using micro Particle Image Velocimetry. The CFD model has been 
validated with the analytical model and measured velocity profiles, enabling flow simulations in more 
complicated geometries where analytical models cannot be obtained, not flow measurements. It was found that 
the simulations capture the yield and shear rate dependent characteristics of lubricating grease flow. The grease 
flow has been modelled as a single-phase Herschel-Bulkley fluid which was found to match well with bulk 
motion of grease as measured in experiments. 
 
The following conclusions have been made from this research work. 
(a) The development of the NLGI 00grease flow towards the housing wall is higher as compared to other 
greases i.e. NLGI 00 > NLGI 1 > NLGI 2 due to the smaller yield stress. 
(b) The modified H-B model shows a good fit with the analytical model for both NLGI 1 and NLGI 2 
greases. 
(c) From the numerical solutions effect of end walls of the grease pocket on the velocity profile for three 
greases is clearly visible for DRS without ring. The difference between the planes F2 through F4 is 
especially large for the grease with large consistency. The numerical velocity profile from plane F4 
match best with the analytical solution for the DRS without ring. 
(d) The comparison between the experimental and numerical velocity profile is similar as with the 
analytical solutions. The no-slip boundary condition at the end walls in the numerical model has been 
proposed as a reason for the deviation between numerical and measured velocity profile for the DRS 
without ring. 
(e) From the comparison between the analytical and numerical simulations for the DRS with ring same 
observation is made as in DRS without ring except that the numerical velocity profile at mid-plane 
match best with the analytical velocity profile. 
(f) Again the same observation is made as for the DRS without ring that is, the numerical velocity profile 
at the F4 plane match well with the measured velocity profile for the DRS with ring. Finally, it was 
found that wall slip and shear banding in the flow contribute to differences between the numerical 
results and experiments. 
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(g) The migration of the contaminantparticles towards the outer periphery in the axial DRS is apparent for 
all greases as time span increases. The particle migratesfastest in the lowest consistency grease which 
has the lowest viscosity at high shear rates, the particle velocity is fastest. 
(h) For axial DRS with ring contaminant particles migrate fast and the radial migration of the particle in 
the different greases is almost equal due to very small differences in the grease surface velocity. 
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